Objectives. Conflicting reports of the effect of physical activity on knee cartilage may be due to the heterogeneity of populations examined and, in particular, the underlying health of the knee joint. This study examined the influence of recreational and occupational physical activity on cartilage volume loss.
Introduction
The evidence for physical activity being good or bad for the knee joint is conflicting. While some physical activity is required for cartilage development [1] , elite athletes have a higher risk of lower-limb OA than control participants [2] .occupational activity is associated with an increased risk of knee OA, sporting and physical activity produced inconsistent findings [3] . For example, although some studies have reported higher physical activity levels were associated with the progression of cartilage abnormalities [4] and knee joint replacement secondary to OA [5] , others have observed a beneficial effect of physical activity on cartilage volume [6] , or failed to demonstrate that physical activity was associated with incident radiographic knee OA [7, 8] . One reason for the conflicting results may be the heterogeneity of the populations being examined. In particular, it is becoming better understood that the underlying health of the knee joint may be an important determinant of its ability to respond to a variety of exposures. Recently, more steps/day assessed by pedometer was shown to be protective against cartilage volume loss in people with more baseline cartilage volume, but led to increased cartilage loss in those with less baseline cartilage volume [9] .
Cartilage volume loss remains the hallmark feature of knee OA and has been the outcome focus of several clinical trials of disease-modifying OA drugs [1012] . Indeed, because 1113% of cartilage volume is lost prior to any diminution in the radiographic joint space [13] , cartilage volume enables risk factors for very early OA to be identified. In populations with no known knee OA, it is possible to identify individuals who may be at risk for developing knee OA by virtue of their amount of cartilage. A reduction in cartilage volume predates joint space narrowing and predicts joint replacement surgery [1315] , so that stratification of people according to their baseline amount of cartilage may be one way to examine the interaction between physical activity and the state of the underlying joint. The aim of this longitudinal study was to examine the influence of physical activity, either occupationally, recreationally or a combination of both, in people with low and high amounts of baseline cartilage volume.
Methods

Study population
A total of 250 participants (74% women) were recruited by advertising in the local press, at the hospitals in the waiting rooms of private weight-loss/obesity clinics, and through community weight-loss organizations in Melbourne, Australia. The inclusion criterion was age 2560 years. Subjects were excluded (at baseline or follow-up) if there was a history of any arthropathy diagnosed by a medical practitioner (including inflammatory arthropathies or mechanical joint derangements such as ligamentous tears), prior surgical intervention to the knee including arthroscopy, previous significant knee injury requiring nonweight-bearing therapy or requiring prescribed analgesia, malignancy or contraindication to MRI. Study participants attended the study centre for a baseline and follow-up visit. 
MRI
MRI of the dominant knee (defined by the leg used to kick a ball) was performed. Knees were imaged in the sagittal plane on a 1.5-T whole body magnetic resonance unit (Philips, Medical Systems, Eindhoven, the Netherlands) using a commercial transmitreceive extremity coil. The weight limit for the machine is 150 kg. The following sequence and parameters were used: T1-weighted fat saturation 3D gradient recall acquisition in the steady state (58 ms/12 ms/55 , repetition time/echo time/flip angle) with a 16-cm field of view, 60 partitions, 512 Â 512 matrix and acquisition time 11 min 56 s (one acquisition). Sagittal images were obtained at a partition thickness of 1.5 mm and an in-plane resolution of 0.31 Â 0.31 mm (512 Â 512 pixels).
Tibial cartilage volume was determined by manually drawing disarticulation contours around the cartilage boundary on T1-weighted sagittal images, using independent workstation software Osiris [16] (see Fig. 1 ). Measurement was carried out by one trained observer with forty random cross-checks blindly performed by an independent trained observer. The coefficient of variation was 3.4% for the medial tibial cartilage volume [17] . Percentage tibial cartilage volume change was calculated as follows: [(cartilage volume at baseline cartilage volume at follow up)/cartilage volume at baseline] Â 100. Annual percentage change was calculated by dividing this figure by the time between MRI scans. Therefore, a positive value indicates cartilage volume loss and a negative   FIG. 1 Tibial cartilage segmentation and measurement value indicates an increase in cartilage volume. Medial and lateral cross-sectional areas of tibial plateau were measured from reformatted axial images. The coefficients of variation for the medial and lateral tibial plateau areas were 2.3 and 2.4%, respectively.
Physical activity
Baseline occupational activity was assessed by asking each participant how often they performed each of the following five occupational activities: heavy lifting, bending or squatting, knee bending, stair climbing, standing and walking. For each activity, participants selected the frequency with options being: never, rarely, occasionally, frequently, very frequently and most of the day. When participants were performing an activity at least frequently, they were considered to be highly active for that particular task.
Baseline recreational activity was assessed by asking participants how many kilometres they had walked recreationally in the past week, with responses being <1, 15, 510 and >10 km. Participants were also asked to nominate how many weight-bearing sports they had regularly participated in over the previous 12 months. Weightbearing sport data were derived from the item: please tick off all the sports or activities which you participated in > 10 times during the last 12 months. Please include team sports as part of the baseline questionnaires, with the list of sports being selected from including aerobics, basketball, netball, volleyball, bicycling, bowling, dancing, gardening, bushwalking, rollerblading, swimming, power walking, jogging, soccer, softball, hockey, tennis, squash, badminton, gym-work weight training, golf or any other activities or sports that are not mentioned here. Based on the types of sports listed, the numbers of weight-bearing sports could be determined.
Since participants may have been recreationally active but not occupationally active, or vice versa, an exposure to physically active at work and or recreationally was created. To be included in this group, participants must have performed all five occupational activities at least frequently, and or had regular participation in 53 weightbearing sports in the past 12 months.
Anthropometric data
Participants' weights were measured to the nearest 0.1 kg (shoes, socks and bulky clothing removed) using a single pair of electronic scales. Height was measured to the nearest 0.1 cm (shoes and socks removed) using a stadiometer. From these data, BMI (kg m -2 ) was calculated. Percentage change in weight was determined by subtracting the baseline assessment from the follow-up assessment, expressed as a percentage of the initial total body weight. Annual percentage change was calculated by dividing this figure by the time in years, between measures.
WOMAC
Baseline pain was assessed by the WOMAC [18] . The WOMAC is widely used in community-based studies of adults [1921] . The pain subscale comprises five questions, each of which is assessed on a 100-mm Visual Analogue Scale. The five questions are summed to give a total score out of 500 mm. An increase in score corresponds with worsening of pain.
Statistical analysis
Participants were stratified according to their amount of baseline cartilage volume into high or low groups. The median gender-specific baseline medial or lateral cartilage volume value was used to create each group. For instance, the gender-specific cut-off for the baseline medial cartilage volume was 1246 mm 3 for males and 898 mm 3 for females. Participants in the group below the median were considered the low baseline cartilage volume group, and those above the median, the high baseline cartilage volume group. All analyses were stratified by low and high baseline medial tibial cartilage volume. Linear regression analyses were used to examine the relationships between occupational and recreational activities and the annual percentage loss of medial tibial cartilage volume. Interactions between the baseline group (low or high baseline cartilage volume) and the physical activity exposure of interest, for the outcome of annual percentage change in medial cartilage volume, were performed. Estimated marginal means were calculated to compare cartilage volume loss between those with and without exposure to occupational and recreational activities. A P < 0.05 (two-tailed) was considered statistically significant. All analyses were performed using the SPSS statistical package (standard version 20.0, SPSS, Chicago, IL, USA).
Results
A total of 250 subjects were recruited and 197 subjects (78%) completed the follow-up [mean follow-up time 2.4 (0.4) years]. The baseline characteristics of study participants are shown in Table 1 . Six participants did not have baseline cartilage volume measures (due to image issues) to enable stratification into baseline cartilage volume subgroups. Participants in the low baseline cartilage volume group were older (47.4 vs 44.1 years, P < 0.01) than the high baseline cartilage volume group. There were no significant between-group differences in gender, BMI, occupational or recreational activities, other than a trend for a greater number of people to be walking 55 km week - The interaction between physical activity volume (all P 4 0.03, Table 2 ). There was a doseresponse relationship between medial cartilage volume loss and the number of baseline occupational activities being frequently performed in both the low (B = 0.2% per annum, 95% CI: 0.0, 0.04% per annum, P = 0.047) and high (B = À0.2% per annum, 95% CI: À0.4, 0.0% per annum, P = 0.04) baseline cartilage volume groups, after adjusting for age, gender, annual percentage weight change and baseline medial tibial plateau bone area. That is, there was a significant acceleration in the loss of medial tibial cartilage volume (0.2% per annum) for each additional occupational activity frequently performed in the low-volume group. In contrast, there was a significant slowing of the loss of medial tibial cartilage volume (0.2% per annum) for each additional occupational activity frequently performed in the high-volume group (P = 0.001 for interaction). There were no significant associations between individual occupational activities and the annual percentage loss of medial tibial cartilage volume for the low-volume group. In the high-volume group, frequent to most of the day occupational walking was associated with a reduction in the rate of medial tibial cartilage volume loss (B = À0.8% per annum, 95% CI: À1.5 to À0.1% per annum, P = 0.03), and a similar trend for heavy lifting, bending and squatting (B = À0.8% per annum, 95% CI: À1.6 to 0.0% per annum, P = 0.06).
In the low baseline volume group, recreational walking 55 km week and 53 weight-bearing sports regularly in the last 12 months were both associated with an increase in the rate of medial tibial cartilage volume loss (B = 0.7% per annum, 95% CI: 0.1, 1.3% per annum, P = 0.03; and B = 0.8% per annum, 95% CI: 0.0, 1.5% per annum, P = 0.04, respectively). There were no significant associations between recreational activity and the rate of medial tibial cartilage volume loss in the high baseline volume group.
In the low baseline volume group, participants who were either active at work and/or recreationally, had an increased rate of medial tibial cartilage volume loss than people who were not performing these tasks (0.9% per annum, 95% CI: 0.1, 1.6%, P = 0.02). There were no significant associations between participants who were either active at work and/or recreationally and the rate of medial tibial cartilage volume loss among the high baseline volume group.
The associations between the annual percentage loss of lateral tibial cartilage volume and occupational and recreational activities are demonstrated in supplementary  Table S1 , available at Rheumatology Online. There were no significant associations demonstrable. Table 3 demonstrates the estimated marginal means for the annual percentage loss of medial tibial cartilage volume for those with and without exposure to each occupational and recreational activity, stratified by low and high baseline cartilage volume. Among people with low baseline cartilage volume, those people who were physically active at work and or recreationally lost a greater magnitude of medial cartilage volume than those were not (2.4% per annum vs 1.5% per annum, P = 0.02). In the same group, those walking 55 km week -1 lost a greater magnitude of medial cartilage volume than those were not (2.1% per annum vs 1.4% per annum, P = 0.03), and a similar association was seen among those performing 53 weight-bearing sports regularly in the last 12 months (2.3% per annum vs 1.6% per annum, P = 0.04). In contrast, in people with high baseline cartilage volume, there were no significant differences in medial cartilage volume loss between those who were physically active and those who were not, except that those exposed to frequent to most of the day occupational walking had lower rates of medial cartilage volume loss compared with those not exposed (0.8% per annum vs 1.6% per annum, P = 0.03) and a similar trend for exposure to heavy lifting, bending, squatting (0.5% per annum vs 1.3% per annum, P = 0.06). Finally, when we examined our baseline groups based on a gender-specific median cartilage thickness, the interactions analyses all continued to remain significant (all P 4 0.03; data not shown).
Discussion
This longitudinal study has demonstrated that occupational and recreational physical activities have a differential effect on knee cartilage volume loss, dependent on the underlying health of the joint. Specifically, people with low baseline cartilage volume who performed recreational physical activity and or an increasing number of occupational physical activities showed accelerated medial cartilage volume loss. In contrast, people with high baseline cartilage volume had less medial knee cartilage volume loss with increasing number of occupational physical activities. These data suggest that those with less baseline cartilage volume are more at risk of structural knee damage from either heavy occupational or recreational workloads or both. Previous studies examining the effect of physical activity on the knee joint have yielded conflicting results. While some studies have found that higher physical activity levels were associated with both progression of cartilage abnormalities [4] and knee joint replacement secondary to OA [5] , other studies have observed a beneficial effect of physical activity on cartilage volume [6] , or failed to demonstrate that physical activity was associated with incident radiographic knee OA [7, 8] . One reason for these conflicting results may be the heterogeneity of the populations examined. Pooling individuals, even in a nonclinical population, is likely to capture a large range of baseline cartilage volumes, and thus variability in the underlying health of the joint. In this study, we separated people with low and high baseline cartilage volume based on gender-specific median cut-offs for the baseline cartilage volume. Using this method, we demonstrated interactions between physical activity exposures (recreational or occupational) and cartilage volume loss based on stratification of baseline cartilage volume (all P 4 0.03).
For instance, we have demonstrated that among people with low baseline cartilage volume, higher levels of either occupational or recreational physical activity or both were The interaction between physical activity associated with greater loss of cartilage volume than if lesser levels of activity were performed. In contrast, an increasing number of occupational physical activities was associated with a reduced rate of medial tibial cartilage volume loss in people with high baseline cartilage volume. These data indicate that exposure to high, rather than low levels of occupational and physical activity may be to the detriment of the knee with less cartilage volume, while benefiting the knee with greater cartilage volume. This is not dissimilar to previous data demonstrating that more steps/day was protective against cartilage volume loss in people with more baseline cartilage volume, but led to increased cartilage loss in those with less baseline cartilage volume [9] . Moreover, we have previously demonstrated that vigorous physical activity performed on a knee with bone marrow lesions was associated with worsening of medial cartilage defects and a trend toward increased rates of medial tibial cartilage volume loss, but this was not the case in knees without bone marrow lesions 22. Similarly, increased in weight was associated with cartilage volume loss in people with, but not in those without meniscal tears [23] . Taken together, these data highlight the importance of the underlying health of the knee joint when determining how physical activity influences structural outcomes.
In this study, we have created estimated marginal means to highlight the clinical significance of these data. By doing so, we have demonstrated that in people with low baseline cartilage volume, those who were physically active at work and or recreationally lost a significantly greater magnitude of cartilage than people who were not physically (2.4% per annum vs 1.5% per annum, P = 0.02). Since 1113% of cartilage volume is lost prior to any diminution in the radiographic joint space [13] , these data infer that such activity exposures may herald incident medial joint space narrowing over a relatively short period of time. Only 24.4% of the total population were classified as being physically active at work and/or recreationally ( Table 1) . Such individuals are likely to represent an appropriate target population for assessing baseline joint structure and determining whether their activity levels may be increasing their risk for accelerated cartilage loss. Moreover, a unifying theme to emerge from these data was for significant changes to be observed in the medial rather than the lateral knee joint. Such results may imply a strong mediating role for joint biomechanics, since joint loads are predominantly distributed to the medial knee joint during dynamic tasks [24] . Why individuals with low baseline cartilage volume were more susceptible to deleterious cartilage changes imparted by physical activity exposure is less clear. It may be that among these people, cartilaginous properties are inherently different, making them more prone to accelerated cartilage loss with the addition of external stimuli, such as those imparted by occupational and recreational physical activity. In vitro studies may help to better elucidate the mechanisms underlying the results of this study.
This study has a number of limitations. It comprised predominantly female participants, so studies with a larger proportion of males are required to improve the generalizability of our findings. Moreover, this study examined middle-aged adults [mean age 45.7 (9.3) years]. Given this, these results are likely to remain generalizable only to pre-menopausal and peri-menopausal females. Moreover, we have examined people with no diagnosed knee OA. This accounts for the very low symptoms experienced by this cohort (WOMAC: pain median value 21 out of a possible 500). We performed baseline stratification of individuals based on the gender-specific median for the respective cartilage volume. Cartilage volume is a sensitive measure of the health of the knee joint and also predicts radiographic knee OA and endstage joint replacement surgery for OA [1315] . Nevertheless, it is possible that our stratification method resulted in non-differential misclassification. This would only have reduced this study's ability to demonstrate significant findings. Additionally, our category of physically active at work and/or recreationally was devised to capture people who lived physically active lives, either at work, recreationally or both. It included people who performed three or more regular weight-bearing sports in the last year, and or, participants performing all of the five possible occupational activities frequently to most of the day. Nevertheless, questionnaire data can be subject to recall bias. However, this was a population with no known knee pathology, so it is most likely that any recall bias would have resulted in non-differential misclassification and thus in diminishing our findings. Finally, participants were in part recruited through weight-loss clinics and organizations, accounting for the average BMI of the cohort being obese [34.1 (9.5) kg m À2 ]. Since weight loss retards cartilage damage [25] , the inclusion of people who achieved weight loss would only have reduced this study's ability to demonstrate significant results relating to cartilage loss, and we have adjusted all our results for percentage weight change. Moreover, although obesity is arguably the strongest modifiable risk factor for the development of knee OA [2628] , this is unlikely to have influenced stratification since there were no significant differences between the low [33.7 (9.9) kg m À2 ] and high [34.2 (9.2) kg m À2 ] baseline cartilage volume groups with regard to BMI (P = 0.66 for difference). There is, however, evidence that the effects of activity and BMI may be multiplicative [29] , and we may therefore have some selection bias toward showing a significant change in cartilage volume that would otherwise not have been apparent in a population with lower BMI.
Our data demonstrate that occupational and recreational physical activities influence joint cartilage differently depending on the underlying health of the joint. Whereas individuals with low baseline cartilage volume may expedite disease with either or both heavy occupational and recreational workloads, individuals with high baseline cartilage volume may advantageously modify their risk for knee OA by participating in these tasks, although this requires confirmation with longer-term follow-up.
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